PURPOSE. Previous analyses of the DBA/2J mouse glaucoma model show a sectorial degeneration pattern suggestive of an optic nerve head insult. In addition, there are large numbers of retinal ganglion cells (RGCs) that cannot be retrogradely labeled but maintain RGC gene expression, and many of these have somatic phosphorylated neurofilament labeling. Here the authors further elucidate these features of glaucomatous degeneration in a rat ocular hypertension model. METHODS. IOP was elevated in Wistar rats by translimbal laser photocoagulation. Retina whole mounts were analyzed for Sncg mRNA in situ hybridization, fluorogold (FG) retrograde labeling, and immunohistochemistry for phosphorylated neurofilaments (pNF) at 10 and 29 days after IOP increase. A novel automatic method was used to estimate axon numbers in plastic sections of optic nerves. RESULTS. Sncg mRNA was confirmed as a specific marker for RGCs in rat. Loss of RGCs after IOP elevation occurred in sectorial patterns. Sectors amid degeneration contained RGCs that were likely disconnected because these had pNF in their somas and dendrites, were not labeled by FG, and were associated with reactive plasticity within the retina. Most of the axon loss within the optic nerve already occurred by 10 days after the onset of IOP elevation.
W e recently showed that RGC degeneration in DBA/2J mice is sectorial and that within the sectors of degeneration there are many RGCs that maintain gene expression after they can no longer be retrogradely labeled from the superior colliculus. 1 Among these putatively disconnected RGCs, many have accumulation of phosphorylated neurofilaments (pNF) in their somas and dendrites, a cellular redistribution observed in RGCs after severe axonal injuries. [2] [3] [4] However, given that some have argued that the DBA/2J mouse model does not recapitulate nonpigmentary glaucoma, an important priority was to determine whether key neuropathologic features observed in DBA/2J are conserved in other animal models of glaucoma. In addition, because RGC degeneration is asynchronous and related to aging in DBA/2J, more acute animal models may be preferable for establishing the sequence of progressive changes in glaucoma.
Two popular rat glaucoma animal models, increasing IOP by injection of hypertonic saline into episcleral vessels 5 or laser injury to aqueous humor outflow channels, 6, 7 produce degenerations that are generally similar in extent, pattern, and mechanism. 8 Although the IOP increase observed in these models is more acute and generally higher than in typical human open angle glaucoma, the degeneration is faster and more synchronous than in DBA/2J mice. Here, we use one such model to confirm and further investigate the chronology of several neuropathologic features first described in DBA/2J mice.
METHODS Animals
Experiments were performed on female Wistar rats, each weighing 550 to 650 g, using procedures in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Rats were housed in a 14-hour light/10-hour dark cycle and had food and water ad libitum.
Translimbal Laser Photocoagulation
IOP was increased unilaterally in rats as previously described. 6 A 532-nm diode laser (Coherent Radiation, Clement-Ferrand, France) was used to scar the trabecular meshwork and perilimbal veins, delivering 45 to 50 spots of 50-m size, 600-mW power, and 0.6-second duration. IOP of lasered and nonlasered control eyes were monitored in anesthetized rats using a rebound tonometer (TonoLab; Colonial Medical Supply, Franconia, NH). Two groups of rats were treated. The first group involved eight rats and was analyzed 29 days after lasering by retrograde labeling and by molecular markers, together with five control rats. The second group involved 18 rats that were analyzed only by molecular markers, half each at 10 days and 29 days after lasering.
tizing as previously described. 9 RGCs were identified in whole mount retinas using in situ hybridization for Sncg mRNA essentially as previously reported in mice. 1 A cDNA of rat Sncg (UI-R-CW0-BVV-C-08-0-UI; Open Biosystems, Huntsville, AL) was used to generate a digoxigenin-labeled antisense riboprobe, which was then hydrolyzed. The in situ hybridization signal was detected using a Cy-3 tyramide substrate (Perkin Elmer, Boston, MA). After in situ hybridization, retinas were incubated for 3 nights in 2F11 antibody (Dako Cytomation, Carpenteria, CA), which recognizes phosphorylated forms of 68 kDa and 200 kDa neurofilaments or an antibody to FG (Chemicon International, Temecula, CA); nuclei were detected as previously described.
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RGC Counts in Retinal Whole Mounts
Automatic counts of cells containing Sncg mRNA or FG were obtained from rat retinas essentially as previously described for mouse retinas. 1 The identification of RGCs was based on segmentation criteria that identified an expected number of RGCs in control retinas, approximately 100,000. Counts of pNFϩ RGCs and their classification into weak or strong subtype were carried out as described previously. 1 In addition, 2 ϫ 2-mm regions of retinas were imaged again as nonoverlapping frames, each 50 z-sections 0.4 m apart, using an confocal microscope (Fluoview FV1000; Olympus, Tokyo, Japan). Image visualization software (Imaris 6.3; Bitplane Inc. St. Paul, MN) was used for automatic volume rendering and manual tracing of individual axons.
Estimation of Axon Number
One-micrometer plastic cross-sections of optic nerve obtained approximately 1.5 mm behind the globe were stained with toluidine blue. Axon counts were obtained by two methods. The first, referred to as the semiautomatic method, was that used in previous reports. 9, 10 For the automatic method, nerve cross-sections were imaged in their entirety as nonoverlapping frames using a 100 ϫ 1.4 NA objective and imaging software-driven autofocusing (IPLab; Becton Dickinson, Franklin Lakes, NJ). Mosaics of these images were used to manually trace nerve outlines. Axons were identified as small clear objects in both an unprocessed mosaic and a mosaic subjected to an imaging software (IPLab; Becton Dickinson) rolling-ball local background subtraction. Size criteria were used to exclude intervening glia. The intensity mean Ϯ SD of the intervening glia was used as minimum value filters to exclude objects such as myelin debris and highly degenerated axons. Variables were optimized so that they would find the expected number of axons in five calibration optic nerves, used in the training of new users of the semiautomatic axon counting method (0%-75% degeneration). For validation purposes, a set of five nerves of the present study (different from the training optic nerves; data not shown) and 30 nerves from a different study 10 were counted by both the automatic and semiautomatic methods. 
RESULTS
RGC Degeneration after Ocular Hypertension Involves Loss of Sncg-Expressing Cells and Redistribution of Phosphorylated Neurofilaments within Remaining RGCs
Retinas of Wistar rats were examined 10 and 29 days after the first of two sessions of translimbal laser photocoagulation (Fig. 1A) . This lasering regimen produced IOP spikes peaking the day after each of the lasering sessions (Fig. 1B) . In whole mount preparations of retinas that were not lasered, Sncg mRNA labeled numerous cell somas, and an antibody against pNF labeled only axons (Figs. 1C-E, left). By 10 days after lasering, retinas had fewer cells labeled by Sncg mRNA (Figs. 1C-E, middle). Relative to control retinas, the level of Sncg mRNA per cell was also decreased in most cells. In addition, by 10 days after lasering, pNF immunoreactivity was found not only in axons but also weakly in the somas of many Sncgϩ cells (weak pNFϩ RGCs) and strongly in somas and dendrites of some others (strong pNFϩ RGCs). By 29 days (Figs. 1C-E, right), there were fewer Sncgϩ cells, and though some had very low levels of Sncg mRNA expression, others had Sncg mRNA levels higher than in RGCs of control retinas (Fig. 1C) . Compared with retinas at 10 days, those at 29 days had fewer of the weak pNFϩ RGCs (Fig. 1D) . Paradoxically, at both 10 and 29 days, the highest levels of Sncg mRNA expression were observed in the RGCs with strong pNF labeling ( Fig. 1E ; see Fig. 4A ).
To ascertain the extent of RGC loss, retinal whole mounts processed for in situ hybridization of Sncg and immunohistochemistry for pNF were imaged at 20ϫ magnification and were used to generate mosaic composites of the retina surface ( Fig. 2A ). Control retinas (e.g., Fig. 2A , left) showed a relatively uniform density of Sncgϩ cells throughout and had few or no pNFϩ RGCs. By 10 days after lasering (e.g., Fig. 2A , middle), retinas had areas with reduced Scng ϩ cell density, alternating with areas of normal or near normal density. These same retinas had many pNFϩ RGCs, and most of these were of the weak variety (green dots) with far fewer of the strong variety (red dots). By 29 days after lasering (e.g., Fig. 2A, right) , the density of Sncgϩ cells was lower than by 10 days, though some retinas had sectors that retained relatively higher densities. By 29 days, there were also large numbers of pNFϩ RGCs, and most of these were of the strong variety with far fewer of the weak variety. Indeed, there was a consistent large difference in proportions of weak and strong pNFϩ RGCs between 10 and 29 days ( Fig. 2B ; P Ͻ 0.0001, t-test): 3.8% Ϯ 1.7% of the pNFϩ RGCs were of the strong variety at 10 days (n ϭ 3) and 85.9% Ϯ 2% were of the strong variety at 29 days (n ϭ 3). Based on automatic counts of Sncg-labeled objects (Figs. 2C, 2D), lasering significantly decreased (P Ͻ 0.0001, one-way ANOVA) the number of RGCs. The number of Sncgϩ cells was 100,318 Ϯ 5,601 in control retinas (n ϭ 3), decreased (P Ͻ 0.05, Tukey's multiple comparison test) to 68,807 Ϯ 15,804 by 10 days (n ϭ 4) and decreased even further (P Ͻ 0.01, Tukey's multiple comparison test) to 13,947 Ϯ 4,233 by 29 days (n ϭ 4). The total number of pNFϩ RGCs (weak plus strong) per retina was 2 Ϯ 3 in control retinas, 5,142 Ϯ 1,298 at 10 days, and 1,682 Ϯ 436 at 29 days after lasering (Fig. 2C) . Thus, lasering produced a significant increase in the number of pNFϩ RGCs (P Ͻ 0.0001, one-way ANOVA), which was highest 10 days after lasering. Based on the counts of Sncgϩ cells and pNFϩ RGCs, the percentage of remaining RGCs with somatic pNF was 0.001 Ϯ 0.002 in control retinas, 8 Ϯ 3 at 10 days, and 12 Ϯ 1 at 29 days after lasering (Fig. 2D) . Thus, lasering also produced a significant (P Ͻ 0.001, one-way ANOVA) increase in the percentage of RGCs with somatic pNF that was highest at 29 days.
Degeneration Occurs in Sectors Containing RGCs That Cannot Be Retrogradely Labeled from the Superior Colliculus
Although data show the Sncg is expressed in RGCs of multiple species, including in cells coexpressing Brn3 in rat retina primary cell cultures, 11 additional experiments are needed to confirm that Sncg mRNA can be used as a selective marker for RGCs in the rat, as previously shown in the mouse. 1 To demonstrate this, retinas were labeled by FG injection into the superior colliculus, and the extent of colocalization between FG and Sncg mRNA was analyzed. Inspection of high-power views of such retinas (Fig. 3A) revealed that cells that were FG labeled also expressed Sncg mRNA, and vice versa. Manual counts from midperipheral fields of retinas (four 20ϫ fields per retina in each of four retinas, for a total of 7985 cells) revealed that 63.4% Ϯ 3.2% of nuclei in the ganglion cell layer were surrounded by both Sncg mRNA and FG, 0.2% Ϯ 0.3% expressed Sncg mRNA but were not labeled by FG, and 0.0% Ϯ 0.1% were labeled by FG alone; 36.4% Ϯ 3.0% of nuclei were surrounded by neither Sncg mRNA nor FG and likely represented mainly amacrine cells (Fig. 3B) . Thus, Sncg mRNA is a selective marker for RGCs in intact retinas of rats.
Retinas from a second set of rats that had been lasered 29 days before and that also had similar increases in IOP (Fig. 1B) were compared with control retinas by FG retrograde labeling. In the retinas of lasered eyes, there were large pie-shaped sectors lacking FG (Fig. 3C) . Such sectorial degeneration was evident in 3 of 4 lasered retinas labeled by FG (data not shown). Similar sectors of degeneration were also evident in 6 of 8 retinas labeled by Sncg mRNA but not FG ( Fig. 2 and Supplementary Fig. S1 , http://www.iovs.org/lookup/suppl/ doi:10.1167/iovs.10-5856/-/DCSupplemental). Degeneration was uniform only in the most severely affected retinas. Based on automatic counts of FG-labeled objects in this second set of lasered rats, control retinas had 97,323 Ϯ 18,862 FG ϩ cells, and retinas 29 days after lasering had 15,955 Ϯ 17,568 FG ϩ cells (Fig. 3D) ; thus, lasering produced a large loss of cells labeled by FG (P Ͻ 0.001, one-tailed unpaired t-test).
In the retinas of lasered eyes, FG and Sncg mRNA were generally found in the same cells (Fig. 4A) . However, in the fields with reduced numbers of RGCs, there were also many Sncgϩ cells that were not retrogradely labeled, and many of these were the pNFϩ RGCs. To determine the fraction of Sncgϩ cells that were not retrogradely labeled and the fraction of these that had somatic pNF, cells were counted in 20ϫ magnification fields of retinas from control (2028 cells in 8 fields from 4 retinas) and lasered (2006 cells in 52 fields from 4 retinas) eyes. Fields were divided into those that were nondegenerating if they had near normal densities of Sncgϩ cells and no pNFϩ RGCs, mildly degenerating if they had near normal densities of Sncgϩ cells but several pNFϩ RGCs, or severely degenerating if they had reduced densities of Sncgϩ cells and numerous pNFϩ RGCs. Essentially all Sncgϩ cells were labeled by FG in the nondegenerating fields of both control and lasered retinas (Fig. 4B, top, respectively) . Within sectors of mild degeneration in lasered retinas (n ϭ 3), Sncgϩ cells lacking FG totalled 10% and included pNFϩ RGCs of both the weak (3% Ϯ 2%) and the strong (4% Ϯ 3%) variety as well as Sncgϩ that did not have somatic pNF (3% Ϯ 4%; Fig. 4B , bottom left). Within sectors of severe degeneration in lasered retinas (n ϭ 4), the Sncgϩ cells without FG totaled 85% and included pNFϩ RGCs with weak and strong pNFϩ (20% Ϯ 7% and 22% Ϯ 7%, respectively) as well as Sncgϩ cells without somatic pNF (43% Ϯ 13%; Fig. 4B, bottom right) . Irrespective of their locations, all pNFϩ RGCs expressed Sncg mRNA, and none were labeled by FG.
Reactive Plasticity Occurs within the Retina
We have previously reported that the intraretinal portions of RGC axons, or at least their cytoskeleton, appear to be the last part of RGCs to degenerate in DBA/2J mice. 1 To determine the timing of intraretinal axon degeneration in the rat translimbal laser glaucoma model, axonal labeling for pNF was analyzed in retina whole mounts at 10 and 29 days after lasering. At both time points, the extent of axonal labeling by pNF was comparable to that seen in the control retinas (Fig. 5A) , even though Sncgϩ cells were largely depleted from these same retinas ( Fig. 2A) . Indeed, in the affected retinas both at 10 days (n ϭ 4) and 29 days (n ϭ 8), the peripheral retinas had higher pNF axonal immunoreactivity than the control retinas (n ϭ 7). However, axons that remained within the lasered retinas were far from normal. In particular, in the retinas 29 days after lasering, many axons were thickened, defasciculated from axon bundles, and had prominent turns and loops indicative of reactive plasticity. These abnormal profiles were most common near the optic disc (Fig. 5B) . However, dystrophic processes were also found in the mid-periphery, particularly near pNFϩ RGCs. Here were pNFϩ neurites within the nerve fiber layer and the inner plexiform layer, as well as long processes, presumed to be axons that traveled extensively and tortuously within the inner plexiform layer (Fig. 5C ). Comparable extents of reactive plasticity were observed in 7 of 8 retinas examined 29 days after lasering, and the remaining retina that had far less reactive plasticity was also the retina with the smallest loss of Sncgϩ cells (data not shown). Of the four retinas examined 10 days after lasering, three had dystrophies of similar appearance but were much milder, and one was indistinguishable from the control retinas.
Loss of FG Retrograde Labeling Is Largely due to the Loss of Axons in the Optic Nerve
The presence of large numbers of pNFϩ RGCs and other Sncgϩ cells that cannot be retrogradely labeled suggests that many RGCs remain in the retina after the optic nerve portions of their axons are damaged. Such a loss of retrograde transport could be attributed either to a severe impairment in the retrograde transport machinery or, alternatively, to physical disconnection of the axons. To distinguish between these two possibilities, optic nerves were analyzed in thin plastic sections. The optic nerves of lasered eyes had far fewer axons and numerous myelin profiles indicative of axonal degeneration at 10 days and at 29 days after the onset of IOP elevation (Fig. 6A) . To estimate the extent and the time course of axon loss within the optic nerve, axons were counted at high magnification (100ϫ objective), identifying myelinated axons based as small objects of a lighter center and a darker surround. A new method to count such axons automatically was developed that is similar to a semiautomatic method previously used, 9,10 except that it counts all axons rather than just a subset and does not involve manual editing of misidentified axons. To validate the new method, 30 sample nerves were counted with both methods, with good agreement between the two (Fig. 6B) . The automatic method also enables easy identification of nerves with sectorial degeneration patterns (Fig. 6C ) that can otherwise be determined only by careful inspection of high-power views of stained nerves ( Supplementary Fig. S1 , http://www.iovs. org/lookup/suppl/doi:10.1167/iovs.10-5856/-/DCSupplemental). Using this automatic method, 99,263 Ϯ 6,687 axons were found in control nerves (n ϭ 7), and axons counts at 10 and 29 days were 27,499 Ϯ 4,270 (n ϭ 4 nerves) and 25,905 Ϯ 7,282 (n ϭ 8 nerves), respectively (Fig. 6) . Thus, this model of ocular hypertension produces a significant loss of axons within the optic nerve (P Ͻ 0.0001, one-way ANOVA) that can be sectorial and that occurs largely by 10 days (P Ͻ 0.001).
DISCUSSION
These data are consistent with previous studies using FG labeling and Brn3A (POU4F1) antibodies to label RGCs in rat 12 and together suggest that most rat RGCs project primarily or by collaterals to the superior colliculus. Brn3 antibodies and Sncg mRNA probes have a significant advantage over retrograde tracers such as FG, which can grossly underestimate RGC number in optic nerve injuries such as glaucoma because of their dependence on intact axon structure between the brain and the eye. Alternatively, prelabeling RGCs before degeneration is prone to overestimate RGC numbers as the tracers are taken up by microglia that phagocytose dead RGCs. 1, 13 A potential limitation of the use of both Brn3a and Sncg mRNA for identifying RGCs is that some RGCs may decrease their gene expression below detection limits. However, pNFϩ RGCs and other nearby RGCs cannot be labeled by FG but still can be identified as RGCs based on Sncg mRNA expression. Thus, Sncg mRNA can identify RGCs even after they are severely injured.
The purpose of these studies was to determine whether three features of RGC degeneration observed in DBA/2J mice 1 were model specific or, rather, represented general features of glaucomatous degeneration. First, the degeneration was sectorial. Second, in and near sectors with RGC degeneration, many RGCs maintained RGC gene expression but could not be labeled retrogradely. Third, many of the RGCs that could not be retrogradely labeled had phosphorylated neurofilaments in their soma, a feature observed in other neurodegenerative disorders, such as the neurofibrillary tangles of Alzheimer's disease. 14 Translimbal laser IOP elevation in the rat produces a topographic pattern of degeneration similar to that reported in DBA/2J mice 1, [15] [16] [17] [18] ; the retinas of lasered eyes have pie-shaped sectors of RGC loss that span from the optic disc to the periphery of the retina. Sectorial degeneration patterns were observed in all lasered retinas except those with near complete loss of RGCs. This sectorial pattern is most likely explained by a focal axonal insult within the optic nerve head. In the foveacontaining human and monkey retina, the patterns of sectorial RGC loss take on arcuate shapes and are concentrated at the upper and lower poles of the nerve head in an hourglass pattern. 19 Given the regular radial pattern of RGC axon paths in the rodent retina, the sectorial loss seen here and in DBA/2J mice is likely the phylogenetic equivalent of the pattern of RGC loss in human glaucoma. Because rodents have a glial lamina but lack collagen plates, 20 something other than collagen plates must be able to mediate localized IOP-dependent damage to axons within the optic nerve head.
Compared with Sncg mRNA, which is present in RGC somas before and after glaucomatous injury, pNF marks RGC somas only after injury. Normally, phosphorylated neurofilaments are found in RGC axons starting approximately 200 to 1000 m from the somas, 21 consistent with their putative role in maintaining axonal caliber. 22, 23 However, specifically after axonal trauma, pNF appears in somas and dendrites of damaged RGCs. 6 -8 The present study confirms previous findings in DBA/2J mice that RGCs with somatic pNF are found preferentially in the degenerating sectors of damaged retina. Comparable increases in pNFϩ RGCs and sectorial loss of RGCs have recently been reported in a similar ocular hypertension model in rats. 24 As in DBA/2J, these pNFϩ RGCs represent a significant proportion of the Sncgϩ cells that cannot be retrogradely labeled. Whether they are a stage or a subset of degenerating RGCs is unknown. The reason most of these RGCs cannot be retrogradely labeled is likely that the portions of their axons within the optic nerve have already degenerated given that the loss of axons measured in optic nerve cross-sections 10 days after lasering is already extensive. Further, pNFϩ RGCs are associated with dramatic reactive plasticity at the optic nerve head and even within the retina. Such extensive reactive plasticity is typically only seen when neurons are physically disconnected from their targets. Similar reactive plasticity has been recently reported after laser-induced increases of IOP in CD1 mice. 25 Unfortunately, the current methods to count RGCs in the retina and axons in the optic nerve are too crude to compare numbers of axons and RGCs within individual eyes. However, on a population basis, most of the axon loss has already occurred by 10 days, whereas the loss of RGCs continues between 10 and 29 days. All these data add to a growing body of literature 1, [25] [26] [27] demonstrating that axons, or at least the extraocular portion of axons, degenerate before RGC somas in glaucoma.
There are two informative differences between the RGC degenerations observed in DBA/2J mice and the rat translimbal laser model. First, in DBA/2J mice, there are hundreds of pNFϩ RGCs at the peak of degeneration, whereas in the translimbal laser photocoagulation rat model, pNFϩ RGCs number in the thousands. This suggests that after the more acute IOP elevation, RGC degeneration is either more synchronous or faster, or both. The second difference is that after translimbal laser photocoagulation, the pNFϩ RGCs tend to be either largely of the weak variety (at 10 days) or of the strong variety (at 29 days), whereas in the DBA/2J mice, there is a more even distribution of both at any one time. This difference is likely attributable to the primary IOP insult occurring more synchronously in the current model, whereas in DBA/2J the insult occurs over a more protracted period. The current results also support the view that weak and strong pNFϩ RGCs represent distinct stages in the degeneration of the same cells, as previously suggested. 1 Given that there are more pNFϩ RGCs at 10 days than at 29 days, weak pNFϩ RGCs must have at least two fates: to die quickly or to become strong pNFϩ RGCs. Strong pNFϩ RGCs have increased expression of Sncg mRNA and are associated with reactive plasticity; therefore, it may be that these cells find sufficient trophic support within the retina to delay their eventual demise. Another important implication of the current studies is that, because the insult that gives rise to sectorial degeneration after short IOP increases produced by translimbal laser photocoagulation is linked to increased IOP, that which gives rise to sectorial degeneration in DBA/2J mice is also likely linked to increased IOP rather than to an unrelated inflammatory process. Finally, if pNFϩ RGCs are as common in human glaucomatous retinas as they are in animal models, it may be possible to develop clinical imaging techniques to exploit their large fold-increase in number to diagnose glaucoma or to monitor its progression.
